In vitro selection of oligonucleotides that bind double-stranded DNA in the presence of triplex-stabilizing agents by Ayel, Elodie & Escudé, Christophe
In vitro selection of oligonucleotides that bind
double-stranded DNA in the presence of
triplex-stabilizing agents
Elodie Ayel
1,2,3,4 and Christophe Escude ´
1,2,3,*
1CNRS UMR 7196,
2Muse ´um National d’Histoire Naturelle (MNHN),
3INSERM U 565, Case Postale 26, 43 rue
Cuvier, Cedex 05 and
4Universite ´ Pierre et Marie Curie, 75005 Paris, France
Received May 3, 2009; Revised November 17, 2009; Accepted November 18, 2009
ABSTRACT
A SELEX approach has been developed in order to
select oligonucleotides that bind double-stranded
DNA in the presence of a triplex-stabilizing agent,
and was applied to a target sequence containing
an oligopurine–oligopyrimidine stretch. After only
seven rounds of selection, the process led to the
identification of oligonucleotides that were able to
form triple helices within the antiparallel motif.
Inspection of the selected sequences revealed
that, contrary to GC base pair which were always
recognized by guanines, recognition of AT base
pair could be achieved by either adenine or
thymine, depending on the sequence context.
While thymines are strongly preferred for several
positions, some others can accommodate the
presence of adenines. These results contribute to
set the rules for designing oligonucleotides that
form stable triple helices in the presence of
triplex-stabilizing agents at physiological pH. They
set the basis for further experiments regarding
extension of potential target sequences for
triple-helix formation or recognition of ligand–DNA
complexes.
INTRODUCTION
Sequence-speciﬁc DNA-binding agents have been
regarded as a great promise toward the development of
new therapeutic strategies based on gene regulation or
modiﬁcation. Synthetic molecules that can recognize
speciﬁc DNA sequences include triplex-forming
oligonucleotides (TFOs), peptide nucleic acids and
minor-groove binding agents. TFOs were developed in
order to modulate the transcription of speciﬁc genes, in
the so-called antigene strategy, but their aﬃnity and
speciﬁcity have been exploited for many other purposes,
for example to target cleaving or cross-linking agents,
transcription factors, or nucleases to a speciﬁc site [see
refs (1,2) for review]. Moreover, they have been used as
tools to induce DNA sequence modiﬁcations in live cells
(3,4), as well as in various assays aimed at purifying or
labelling DNA (5,6) or at investigating DNA–protein
interactions (7).
Triple-helix formation is based on sequence-speciﬁc
recognition of oligopyrimidine–oligopurine sequence by
a third nucleic-acid strand. This third-strand binds in the
major groove and recognizes the oligopurine strand by
establishing a pair of hydrogen bonds with purine bases
that remain involved in Watson–Crick base pairing.
Diﬀerent types of triple helices, which contain diﬀerent
types of base triplets, can be formed. The ﬁrst discovered
triple helices, which were formed with third strands
containing only pyrimidines, relied on the formation of
T.AxT and C.GxC
+ base triplets. In this so-called
pyrimidine or parallel motif, the third-strand binds in a
parallel orientation with respect to the oligopurine strand.
Purine-containing oligonucleotides can also bind
double-helical DNA, thanks to the formation of C.GxG
and T.AxA base triplets. In this case, the third-strand
binds in an antiparallel orientation. Recognition of T.A
base pairs can be achieved by adenines, but also by
thymines. Therefore this recognition scheme has been
named the ‘antiparallel’ motif. The stability of triple
helices depends on the recognition scheme, on the
sequences and on experimental conditions. Whereas the
parallel motif is favoured by an acidic pH and a low GC
content within the target sequence, the antiparallel motif
can be formed at neutral pH but preferentially in the
presence of divalent cations and on target sequences
with a very high GC content. The design and experimental
study of TFOs binding in the antiparallel motif can be
complicated by the fact that purine-rich oligonucleotides
can self-associate into G-quadruplex containing structures
or GA duplexes that can compete with triple-helix forma-
tion (8,9). A systematic comparison of the use of A or T to
recognize AT base pairs in the antiparallel motif has never
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observed in some instances. For example, GT
oligonucleotides have been reported to bind in a parallel
orientation when the target sequence contains long runs of
AT base pairs (10). The use of TFOs is also mostly limited
to oligopyrimidine–oligopurine target sequences, although
strategies have been proposed for the recognition of single
or double inversions within the target or for recognizing
alternated stretches of purines and pyrimidines (11). There
is no convenient method for ﬁnding the best TFO for a
given sequence. There are some instances where both types
of TFO can bind the same DNA target, but this is not
typical. TFO are generally chosen mostly on an empirical
basis, using known rules for various triple helix motifs
for the design followed by in vitro binding assays for
validation (12).
Stability of triple helices formed by non-modiﬁed DNA
oligonucleotides can be low at physiological pH and
temperature. This stability can be enhanced by using
chemically modiﬁed oligonucleotides [see ref. (2) for
review]. Another very eﬃcient way of stabilizing triple
helices is by using triplex-speciﬁc ligands (13). The most
eﬃcient triplex-stabilizing agents are polyaromatic
compounds which bind duplex and triplex DNA by inter-
calation [see ref. (14) for review]. Although there is no
structural data regarding triplex-intercalator complexes,
it has been demonstrated that increased stacking interac-
tions obtained by additional cycles lead to more eﬃcient
triplex stabilizers (15,16). Most studies performed with
such compounds have regarded the stabilization of triple
helices with ‘canonical’ base triplets. Some of these
intercalators have been shown to bind to both parallel
(with TC TFOs) and antiparallel (with GT TFOs) triple
helices (17). However, there is no reason to exclude that
the presence of some of these compounds intercalated
between DNA bases may alter the recognition code and
enhance the formation of structures that do not involve
canonical base triplets. In addition, it has been shown that
triplex-speciﬁc intercalators can promote the formation of
triple helices on target sequences that were not perfect
oligopurine–oligopyrimidine stretches (18,19).
SELEX is an in vitro selection method for
oligonucleotides (DNA or RNA) that bind very tightly
to a chosen target. It is based on the iterative repetition
of cycles that include a binding step, an elution step and
an ampliﬁcation by PCR. Selected oligonucleotide
sequences are called aptamers. The process was ﬁrst
described in 1990 using proteins (20) and small molecules
(21) as targets. Since then, numerous variants of the
original process have been described, and the SELEX
technology has been successfully applied for numerous
applications on a large variety of targets (22–25),
including whole cells and nucleic acids. For example, it
has been demonstrated that DNA oligonucleotides
selected against DNA secondary structures were able to
recognize their target through base pair formation and
additional interactions (26).SELEX experiments have
also helped in the design of antisense oligonucleotides
with the ability to bind speciﬁc structures (27–29).
Because of the limitations regarding the potential target
sequences and as there is no systematic rule for designing
the best TFO for a deﬁned target sequence, the SELEX
method represents an interesting tool for identifying
nucleic acids sequences that bind double-stranded DNA.
Two studies have tried to identify RNA molecules binding
to double-stranded DNA using a SELEX approach
(30,31). The selection process was carried out at acidic
pH in the ﬁrst study and at diﬀerent pH values from 5.5
to 7 in the second one, using a target containing an
oligopurine–oligopyrimidine sequence. The selected
RNAs consisted mostly in uraciles and cytosines that
were able to form canonical T.AxU and C.GxC
+ base
triplets.
In the present study, we have selected DNA
oligonucleotides for binding to a DNA target containing
an oligopurine.oligopyrimidine sequence with a low GC
content (35%) under neutral pH in the presence of a
triplex-stabilizing agent. These selections were performed
in order to determine what would be the best TFO for
such a sequence in the presence of a triplex-binding
agent and to investigate if the presence of intercalators
may modify the ‘code’ for triple-helix formation by
enhancing the formation of non-canonical base triplets.
Our idea was also to implement a new approach for iden-
tifying new recognition schemes and maybe extend
the range of sequences that can be recognized by
oligonucleotides in a sequence-speciﬁc manner.
MATERIALS AND METHODS
Nucleic acids and chemicals
All DNA oligonucleotides were purchased from
Eurogentec (Seraing, Belgium). The DNA library used
in our experiments consisted of a pool of oligonucleotides
made of a continuous stretch of 40 randomized
nucleotides ﬂanked on both sides by ﬁxed sequences
which function as primer binding sites in the PCR. The
sequence of this library was 50-CGTACGGTCGACGCT
AGC–N40–CACGTGGAGCTCGGATCC-30. The fol-
lowing primers that anneal to the 50- and 30-end of the
library fragments were used in the aptamer selection
process: primer fw18F (50-CGTACGGTCGACGCTAG
C-30) is connected at its 50-end to a 6-carboxyﬂuorescein
(6-FAM) moiety, while primer rv18P (50-GGATCCGAG
CTCCACGTG-30) is phosphorylated on its 50-end.
Plasmid pY11, which was constructed by insertion of
synthetic oligonucleotides into the pBluescriptSK+
plasmid, has already been described (32). Two primers
were used for the preparation of double-stranded DNA
from those plasmids by PCR: fw120 (50-CGAGGTCGAC
GGTATCGAT-30) and rv120b (50-CGCTCTAGAACTA
GTGGATC-30) which is biotinylated at its 50-end.
Polymerase chain reactions were carried out in a total
volume of 50ml of standard taq buﬀer (10mM Tris–
HCl, pH 8.3, 1.5mM MgCl2, 50mM KCl) containing
0.8mM of each primer, 200mM each of dNTPs and
2.5U of Taq polymerase (NEB), using 1.6ng/mlo f
plasmid as template. After 30 cycles of 30s at 94 C, 30s
at 60 C and 1min at 72 C, the ﬁnal extension was carried
out for 5min at 72 C. Primers and unincorporated dNTP
were removed using PCR puriﬁcation kits (Qiagen).
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+ led to fragments of
133 and 70bp, respectively. The resulting sequences are
explicited in Figure 1A. For gel shift experiments, the
DNA fragments made with these plasmids were
radiolabelled with
32P on the 50 free-end according to
standard procedures.
Two oligonucleotides were synthesized for control
experiments. The ﬁrst one, called GT (50-CGTACGGTC
GACGCTAGCTTATCTATTGTTTTGGTGGTTTG
TGTTTTTTATCTATTCACGTGGAGCTCGGATC
C-30), is a 74-mer containing a GT sequence
(underlined) that can form a 20 base triplets antiparallel
triple helix with the target; the second one, called NS
(50-CGTACGGTCGACGCTAGCTTTTTTTTTTTTG
ATCCTCTAGAGTCGACCTGCAGGCATGCTTTT
TTTTTTTTCACGTGGAGCTCGGATCC-30), was a
89-mer oligonucleotide that did not contain any
sequence appropriate for triple-helix formation.
The triplex-stabilizing agent used in this study is a
6-[3-aminopropyl]amino-9-methoxy-13H-benzo[4,5]-indolo
[3,2-c]quinoline derivative (BIQ) (see structure on
Supplementary Figure S1) which synthesis has previously
been described (16).
In vitro selection
Fresh aliquots of 6 10
6 streptavidin-coated magnetic
beads (Dynabeads M-280 Streptavidin, Invitrogen) were
washed twice with washing buﬀer (20mM Tris–HCl, pH
7.2) before each selection round. The binding and washing
procedures were facilitated by using a magnetic separation
stand.
Hybridization of the oligonucleotide pool with the
target double-stranded DNA (5pmol, ﬁnal concentration
100nM) was performed in 50ml binding buﬀer (washing
buﬀer+10mM MgCl2+0.03% Triton X-100) in the
presence of 6mM of the BIQ compound. Triton X-100
was introduced in order to reduce non-speciﬁc adsorption
of nucleic acids to the beads. We used 250pmol of
oligonucleotides from the pool for the ﬁrst selection
(ﬁnal concentration 5mM), then 25pmol (ﬁnal concentra-
tion 500nM) for the successive rounds. Samples are
heated to 80 C for 5min, then cooled down to room tem-
perature and incubated for another 5min before they are
applied onto the washed beads. After magnetic capture,
beads are resuspended in 50ml of washing buﬀer and
incubated at room temperature for 30min. Then the
beads are captured again and elution was obtained by
heating the beads resuspended in 50ml of washing buﬀer
at 95 C for 10min, then placing the tube on the magnetic
stand and removing the liquid phase as quickly as possible.
The supernatant is either directly used for PCR ampliﬁca-
tion (rounds 1–3) or submitted to counterselection. In this
case, the supernatant is incubated with 5pmol of the 70bp
fragment in 50ml binding buﬀer with 6mM BIQ. The
sample is heated to 80 C for 5min, then incubated at
room temperature for another 5min, before it is applied
onto new washed beads for 15min at room temperature.
After magnetic capture, the supernatant was recovered for
5’CGAGGTCGACGGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCG3’
3’GCTCCAGCTGCCATAGCTATTCGAACTATAGCTTAAGGACGTCGGGCCCCCTAGGTGATCAAGATCTCGC5’
CTTCGTACGGCCGCCTACAAAAGAGAAAGGAGGAAAAGTTGAAAGCGAGCCCTAGGGACGTCCCGGGCTAGCGAA
GAAGCATGCCGGCGGATGTTTTCTCTTTCCTCCTTTTCAACTTTCGCTCGGGATCCCTGCAGGGCCCGATCGCTT
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Figure 1. (A) Sequences of the DNA fragments used for counterselection (top) and for selection (sequence above where the central EcoRI–HindIII
sequence is replaced by the sequence below, the oligopurine–oligopyrimidine stretch is shown in darker blue). (B) Schematic representation of the
selection protocol.
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beads solution is always performed by pipetting up and
down every 5min in order to avoid sedimentation of
the beads.
Starting from round 2, it was possible to estimate the
quantity of oligonucleotides that were recovered after
selection by measuring the ﬂuorescence of 6-FAM after
release from the beads. This measurement was performed
with a VictorII microplate reader (Wallac).
Mock experiments were conducted using control
oligonucleotides in order to optimize the protocol. In
those experiments, the GT oligonucleotide is mixed with
a non-speciﬁc oligonucleotide (NS) in a 1:99 ratio. The
sample is submitted to the selection protocol and the
relative amounts of GT and NS are measured after
oligonucleotide recovery and PCR ampliﬁcation, thanks
to their diﬀerent sizes which made possible their separa-
tion by non denaturing gel electrophoresis (see
Supplementary Figure S3).
Ampliﬁcation and conversion of oligonucleotides into
single-stranded DNA
The recovered oligonucleotide pools were ampliﬁed by
PCR: the reaction was carried out in a total volume of
50ml of standard taq buﬀer (10mM Tris–HCl, pH 8.3,
1.5mM MgCl2, 50mM KCl) containing 0.8mM of each
primer (fw18F and rv18P), 200mM each of dNTPs, and
2.5U of Taq polymerase (NEB). An approximate amount
of 0.05pmol of recovered oligonucleotides was ampliﬁed
in four tubes. We performed 30 PCR cycles, consisting
each of 30s at 94 C, 30s at 60 C and 60s at 72 C. The
quantity and quality of PCR products were estimated by
agarose gel-electrophoresis, using the 6-FAM ﬂuorescence
of PCR amplicons. After elimination of the
non-incorporated primers using the Montage centrifuge
ﬁlter device (Millipore), the quantity of oligonucleotides
was estimated by UV absorbance using a nanodrop
apparatus (Thermo Scientiﬁc). Then,  1500ng of the
PCR products were converted into single-stranded by
incubation in a total volume of 30mlo f exonuclease
buﬀer with 10U of  exonuclease (NEB) for 30min at
37 C, followed by 20min at 65 C to inactivate the
enzyme. Conversion into single-strand was checked by
polyacrylamide gel electrophoresis under native condi-
tions. The same protocol was used for the production of
ﬂuorescently labelled oligonucleotides corresponding to
the random oligonucleotide pool and to the GT and
NS oligonucleotides.
Cloning, sequencing and analysis of oligonucleotides
binding double-stranded DNA
After several rounds of selection, the oligonucleotide pool
was characterized by cloning individual sequences. The
chosen pool of oligonucleotides was ampliﬁed using the
fw29E (50-CTAATCGAATTCGTACGGTCGACGCTA
GC-30) and the rv18P primers, in order to introduce
restriction sites for the Sac I and EcoR I enzymes. The
digested fragment was introduced between the corre-
sponding sites in the pBluescript SK+ plasmid.
Escherichia coli DH5a (Invitrogen) were transformed by
up-taking this vector construct. Clones were randomly
picked and sequenced with dye terminators, using the
standard T7 primer (Cogenix, Grenoble). Very few
sequences displayed insertions or deletions within the 40
nucleotides between the two sequences used for ampliﬁca-
tion. The sequences were manually analysed and aligned.
Some oligonucleotides were selected several times being
strictly identical, in which case the number of occurrences
is indicated. In nearly all cases, the oligonucleotides share
several motifs, and can therefore tentatively be grouped in
three diﬀerent families. The secondary-structure analysis
of several aptamers was performed by means of the
free-energy minimization algorithm using the internet
tool mfold (33), with conditions set up at 0.01M MgCl2
and 23 C.
Electrophoretic mobility shift assay (EMSA)
Binding of aptamers to the their target double-stranded
DNA was investigated by EMSA. The radiolabelled DNA
fragment (5nM) was mixed with increasing concentrations
of aptamers in a 50mM HEPES pH 7.2 buﬀer containing
10mM MgCl2,5mg tRNA competitor (Roche) and 6mM
of BIQ (total volume 10ml). Samples were heated to 80 C
for 5min, then incubated at room temperature for 2h.
Then 2ml of sucrose used as a loading buﬀer are added
to the sample which is analysed in a native 10% (19:1
acrylamide/bisacrylamide) gel made in 50mM HEPES
and migrated for 1h 30min at a constant low power of
4W. Gels were autoradiographed after drying using a
Typhoon apparatus (GE Healthcare). A quantitative
analysis of the relative amounts of radioactivity present
in the diﬀerent bands was obtained using the ImageQuant
software. The percentage of triple helices, y, was deter-
mined for each gel lane by measuring the storage
phosphor signal. Values of the apparent dissociation
constant, Kd, for each oligonucleotides were obtained by
least-squares Etting of the data to the binding isotherm:
y=([DNA]
n/Kn
d)/(1+ [DNA]
n/Kn
d) where [DNA] is the
concentration of the DNA third strand, and n is the
Hill coefEcient.
RESULTS
Implementation of a selection process
Our aim was to design an experimental system that
enabled the selection of oligonucleotides binding to any
double-stranded DNA sequence of interest in the presence
of triplex-binding agents. As a model, we chose a target
sequence containing a 20bp oligopurine–oligopyrimidine
stretch of which a single copy is present on yeast chromo-
some XI (32). We chose as a triplex-binding agent a
benzoindoloquinoline derivative (BIQ) containing ﬁve
aromatic rings and an alkylamine side chain [see
Supplementary Figure S1 and ref. (16)]. We prepared a
biotinylated 133bp target by PCR using a plasmid con-
taining this sequence. In order to avoid the selection
of artifactual sequences that would bind to the mag-
netic beads or to the ends of the double-stranded
DNA, we devised a counterselection step involving a
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both extremities of the sequence used for the selection.
The fragment used for counterselection contained only
plasmidic DNA sequences and was shorter (70bp) than
the one used for the selection (133bp) (see Figure 1A). The
basic steps of our process are presented in Figure 1B,
and the scheme for counterselection is displayed in
Supplementary Figure S2. The recovered oligonucleotides
are PCR-ampliﬁed using 6-FAM-labelled forward and
50-phosphorylated reverse primers, complementary to
constant sequence segments of the oligonucleotide
library. The presence of phosphorylated reverse primer
allows lambda exonuclease-induced digestion of the
PCR product, to produce single-stranded probe sequences
capable of interacting with the target in the next round
of hybridizations (34).
Various protocols were tested regarding oligonucleotide
capture and elution. We chose to form the triplex in
solution at neutral pH and in the presence of magnesium,
then proceed to capture of the oligonucleotides by the
beads, in order to avoid problems linked with the steric
hindrance of the magnetic beads, and to introduce a
washing step in the absence of magnesium before
elution. In order to validate the selection protocol, we
performed preliminary experiments using the GT
oligonucleotide that was known to form a triple helix by
binding to the 20bp oligopurine.oligopyrimidine stretch
present in the target in the presence of BIQ. Mock selec-
tion experiments were performed using as starting
material a solution containing 1% of the 74-mer
GT oligonucleotide and 99% of the 89-mer NS
oligonucleotide, and measuring the composition of the
sample after one selection cycle by visualization of the
two ampliﬁed DNA fragments on native gel. The enrich-
ment was measured by comparing the intensity of the
bands (see Supplementary Figure S3). These experiments
permitted the determination of the best experimental
conditions that would ensure eﬃcient capture of the
TFOs and a minimal recovery of non speciﬁc
oligonucleotides. They showed that including a short
heating step (5min at 80 C) before capture enhanced the
enrichment, which may be due to a better hybridization of
the binding oligonucleotides. This heating step does not
result in denaturation of the long target under our exper-
imental conditions. The inﬂuence of ligand concentration
could also be investigated by these experiments.
Enrichment rate was  80% in the presence of 6mMo f
BIQ, and only 30% in the absence of the compound.
Increasing the concentration of ligand led to lower enrich-
ment rates. Experiments performed with a pyrimidine
rich third strand (data not shown) led  20%.
The presence of the 6-FAM ﬂuorophore facilitates the
monitoring of selection steps and allows quantiﬁcation of
the single-stranded oligonucleotides that are released after
each binding step (35). Using preparation of ﬂuorescently
labelled NS and GT control oligonucleotides, the amounts
of recovered oligonucleotides were  0.1pmol and between
0.65 and 0.8pmol, respectively, which was suﬃcient to
detect any signiﬁcant improvement in the binding
aﬃnity of the oligonucleotide pools.
Selection of DNA-binding oligonucleotides in the presence
of a triplex intercalator
Using the best conditions from the experiments described
above, we decided to proceed further and initiate in vitro
selection experiments to screen a 250pmol oligonucleotide
pool for its ability to bind to our chosen target sequence.
The detailed protocol is documented in the ‘Materials
and methods’ section. Brieﬂy, biotinylated target DNA
was mixed with the synthetic random oligonucleotide
mixture consisting of a 40-nt random sequence ﬂanked
by two 18-nt-long primer sequences. Samples were
heated to 80 C for 5min and then incubated at room tem-
perature for 5min. Following this hybridization, bound
oligonucleotides were captured onto streptavidin-coated
magnetic beads while unbound oligonucleotides were
washed away. Bound oligonucleotides were eluted by
resuspending the beads in 50ml of washing buﬀer,
heating the sample for 10min at 95 C and quickly
recovering the supernatant. Starting from round 4, a
counterselection was included in order to eliminate
oligonucleotide binding to the DNA sequences that are
adjacent to the sequence of interest. The recovered pool
of oligonucleotides was ampliﬁed by PCR and converted
into single-stranded DNA in order to perform successive
selection cycles.
The amount of ﬂuorescently labelled oligonucleotides
that was recovered after each binding step was quantiﬁed
(Figure 2). It increased steadily from round 3 to 7, then
remained stable or decreased slightly, which suggests
that hybridization cycles enriched the mixture of
oligonucleotides in sequences that were eﬃciently
binding the target.
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Figure 2. Enrichment of aptamers during the selection. All probes were
labelled with 6-FAM at their 50 terminus to allow quantiﬁcation of
the recovered oligonucleotide. The bar graph shows the amount of
oligonucleotide eluted from the target in each selection round. The
quantity is expressed in pmol. Serial dilutions of a 6-FAM
oligonucleotide were used to calibrate the quantiﬁcation assay.
Oligonucleotides from round 1 were not labelled and therefore could
not be quantiﬁed. We prepared a small amount of labelled random
oligonucleotides in order to quantitate their aﬃnity for the target
(marked here as « ran »).
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As no increase in aﬃnity was observed after round 7, we
decided to analyse the sequences. Thirty-eight individual
members of the oligonucleotide pool from round 7 were
cloned and sequenced for analysis (Table 1). These
sequences clearly reveal three diﬀerent families of
oligonucleotide sequences. Alignment of sequences from
family I showed the presence of sequences that could form
a canonical triple helix within the antiparallel motif
(Figure 3A). The target sequence was recognized by for-
mation of C.GxG, T.AxT and T.AxA base-triplets.
Only the base pairs located at both ends of this target
sequence were not always recognized by the expected
nucleotide (four sequences, i.e. 15% in each case). We
did not observe very conserved nucleotides outside of
the 20 nucleotide triplex forming region, although there
may be some biases for the closest positions (Figure 3A).
Sequences within family I were all diﬀerent. Nevertheless,
we noticed that several sequences shared the same triplex
forming region. Figure 3B reports the triplex-forming
regions corresponding to the 19 sequences that could
form base triplets all along the target sequence. One
sequence was present four times, two sequences were
present three times and four sequences were present
twice. We observed a very strong (100%) conservation
of guanines in front of internal GC base pairs.
Recognition of AT base pairs seems to be accommodated
by both adenines and thymines, although there was a bias
toward one or the other base depending on the position.
Four positions (3, 11, 12, 18) were recognized exclusively
by thymines, and we observed a very high frequency of
thymines at four other positions (2, 4, 17, 19). Note that
for the two sequences for which an adenine is observed at
position 2, the terminal C.GxG base triplet is not present.
On the contrary, adenine was found in 85% of the
sequences for recognition of the AT base pair at
position 15. Position 13 did not show any preference
between A and T. The search for potential common
Table 1. Alignment of the core regions of 38 aptamer sequences
CLONE SEQUENCE (5’-3’) 
I   00  TGTCCGGTTTTGGTGGTTTGAGTTTGCTGGGGATCGATCC
   03  TCAATGGTTTTGGAGGTTAGAGTTTTGTCTGTGGCGGGCC
   06  GGGCATGCATTGAGGTTAGTTTAGGTGGTTAGAGTTTTGC
   07  CTGCTAGTTTTGGTGGTTTGAGTTTTTGATCATTGTTTTC
   10 GGAGCAGACTTCTCCTAACGTTTAGGTGGTTTGTGTTTTC
   11  GGTGGTTGATGCGGTTTTGGTGGTTAGAGTTTTGTTAGGG
   13  CCACGTTTAGGTGGTTAGAGTTTTTGTGAATGCACTTATT
   17  CCGTTGGAAAGGTTGTTAATTTGGTGGTTTGAGTTTTTGG
   19  TGGCCGTTTTGGTGGTTTGAGTTTTTTTTAAATTTGTTCC
   20  CGCAATCTGGCGTTTTGGAGGTTAGAGATTTAGGCCTGTC
   21  CCACGACGAGAGGTTTTGGTGGTTAGTGTTTTGTGCTTTC
   92  AGACGTTGCCAAATCAAGGTTTTGGAGGTTAGAGTTTTGC
   12  GGGGGGGGGCTGTTTTAGGTGGTTAGAGTTTTCACGGCGGC
   02  GGGTGTATATGTTTTGGAGGTTTGAGTTTGGGACCACTC
   99  CGACTGTGTTCTTGTTTAGGTGGTTTGAGTTTTTTTGTTC
   98  GAAGCGGTGGTTGGAATGTTTTGGTGGTTAGTGTTTTGTC
   97  TATCAGCGGGGTAAGTTTAGGTGGTTTGTGTTTTGGCAGC
   96  CTCGCAACTTATTACGTTTTTGGAGGTTTGAGTTTATTGC
   94  CCAAAGACTTGGTTTTGGAGGTTAGAGTTTTAAATCTGGC
   91  CTCGTCCAGAGCAGGTTTTGGTGGTTAGAGTTTTGTTCGC
   90  AGTCGTTTAGGTGGTTTGAGTTTTCGAGGCGTAGTATCAC
   88  ACACGGTCAGACTGTTTTGGAGGTTTGAGTTATTGGCCCC
   86  ACTGTGTGACTAGTTTTGGTGGTTAGAGTTTCTTTCGTGC
   81  CCTGGCAGGAAGGTTATGGTGGTTAGAGTTTTTTGTT
   82  GGCAGTGTAGTTGAGTTTTGGTGGTTAGAGTTTGTTGTCC
   78  GGGAGTGTTTGTGGTTTTTGGTGGTTAGAGATTTGGTAAG
   79  TGTGCGGATTTGGAGGTTTGAGTTTTGTGTAGGTCTGGGC
II 15     TCGATCGTAAAGTCCACTAGTTCTA-AGTCGCTCGGAGCCC 
 16        CCGCCTATCATCCACTAGTTCTAGATCTTAATTCCGCCCC 
 22     AGCCTTACACCTACGCACTAGTTCTAGAGCCTTATCTCCC         (x2)
 83  AGCGGCTTACTGTACCGACACTAGTTCTAGAGCATTTGGC 
 93        CCGCCTATCATCCACTAGTTCTAGATCTTAATTCCGCCCC 
 80      ACGCTACCCCAATCCACTAGTTCTAATTCCTCGCCGACCTC 
 95         CGCACTGATTCCTCTAGTTCTAGAGCTATATATCCAGCGC
III  04  CCTCGCTATTCTCTTTTCCTTCCTTTTCTCTTGCGATTCC
   01 CCCATACACAGCAGACTTTTACT-CCTTT-CTCCCTTTTCGC
Sequences were obtained by cloning PCR fragments from round 7 of our SELEX process. 
The 40-nucleotides randomized region is represented in the 5′-3′ direction. Alignment led to 
the identification of three sequence families, termed I, II and III. For each family, sequences 
are aligned with each other, and conserved nucleotides appear in bold. For family  I, which 
displays characteristics of triplex forming oligonucleotides binding in an antiparallel 
orientation, strictly conserved nucleotides have been represented on a gray background. Only 
one sequence (clone 22) was found twice in the analysis. 
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minimization method of the mfold program (33), to see if
a common structural pattern would emerge. Structures
were computed for all the sequences with or without the
ﬂanking primer-binding sites. We did not notice any
recurrent folding pattern, and our analysis suggests that
selected sequences do not fold into complex structures.
Usually only very few base pairs could be formed, which
are likely to be much less stable than the triple helical
structures.
Sequences from family II contain a conserved 13
nucleotide region that was able to hybridize to one extrem-
ity of the double-stranded DNA target (Supplementary
Figure S4). This was somewhat unexpected due to the
use of a counterselection process. Interestingly, the com-
plementary sequence is located on the biotinylated side
of the double-stranded target, and not on its free end.
One possible explanation for the presence of those
sequences is that binding of the oligonucleotide precludes
attachment of the target to the magnetic beads during
the counterselection step.
We also observed two additional sequences (family III)
that were containing pyrimidine stretches and therefore
might be expected to form a triple helix according to the
‘pyrimidine’ motif. Alignment of these two sequences with
respect to the target was possible in the parallel or
antiparallel orientation, and involved in both cases two
mispairings for clone 04 and three for clone 01 (see
Supplementary Figure S5).
Dissociation constant of cloned DNA
Gel mobility shift assays were performed under conditions
similar to those of selection at pH7.2. Triple-helix forma-
tion resulted in a slower migration of the radiolabelled
target. The fraction of triplex DNA was quantiﬁed and
plotted as a function of total oligonucleotide concentra-
tion in order to generate binding curves. We decided to
compare the aﬃnity of clone 19, corresponding to the
consensus sequence, to that of clone 20, which appeared
to be the further from the consensus, and that of the GT
control oligonucleotide (Figure 3C). Dissociation con-
stants were generally in the few tens of nanomolar range
(Figure 3D). The sequence that exhibited the highest
aﬃnity was clone 19 (43.9nM). The dissociation constants
were 70.9nM for the GT control sequence and 79.7 nM
for clone 20. We were not able to detect any binding in
the absence of the triplex-binding agent.
We wondered if sequences that were located outside of
the triple-helix motif provide a contribution to the binding
aﬃnity. We resynthesized several sequences and compared
the aﬃnity of the full-length selected molecule (76-mer)
and the sequence derived from the random region
(40-mer). We did not observe any diﬀerence in the
binding aﬃnities. The aﬃnities of 20-mers corresponding
to the triplex-forming regions were in the 20nM range,
with no signiﬁcant diﬀerence between the various
selected sequences (not shown). We were not able to
detect any binding of the TC-containing sequences to
the target.
A
C
B
1-19 GT 1-20
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Consensus
Position
Target
5′ CAACTTTTCCTCCTTTCTCTTTTGTA3′
3′ GTTGAAAAGGAGGAAAGAGAAAACAT5′
G 26 11 44 85 0 0 0 0 100 100 0 100 100 0 0 0 100 0 100 0 0 0 11 41 34 37
A 22 33 19 4 7 0 4 26 0 0 30 0 0 0 0 56 0 85 0 7 0 4 4 78 1 7
T 22 33 19 11 93 100 96 74 0 0 70 0 0 100 100 44 0 15 0 93 100 96 81 37 50 29
C 26 22 19 00000000000000000004 15 8 17
-3 -2 -1 123456789 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 +1 +2 +3
G T T T T G G T G G T T A/T G A G T T T T
11/82/86/91 GTTTTGGTGGTTAGAGTTTT 10/97  GTTTAGGTGGTTTGTGTTTT
03/92/94    GTTTTGGAGGTTAGAGTTTT 21/98  GTTTTGGTGGTTAGTGTTTT
02/07/19    GTTTTGGTGGTTTGAGTTTT 90/99  GTTTAGGTGGTTTGAGTTTT
06/13       GTTTAGGTGGTTAGAGTTTT 20     GTTTTGGAGGTTAGAGATTT
D
Aptamer concentration (mM)
%
 
t
r
i
p
l
e
 
h
e
l
i
x
Figure 3. Consensus sequence and binding aﬃnity of individual aptamer sequences. (A) Frequency of each nucleobase in the third-strand aligned
to form a triple helix with the target. The consensus motif is indicated. The nucleotides that are conserved in all selected sequences are underlined.
(B) Sequences of the triplex-forming regions covering the entire target. The number of the corresponding clones are indicated. Adenines are displayed
in red. (C) EMSA. Increased concentration of oligonucleotides were incubated in the absence (lanes 1, 7, 13) or in the presence of 20nM (lanes 2, 8,
14), 50nM (lanes 3, 9, 15), 100nM (lanes 4, 10, 16), 200nM (lanes 5, 11, 17) or 500nM (lanes 6, 12, 18) of third strand. (D) Quantiﬁcation of
oligonucleotides binding aﬃnity.
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In vitro selection experiments have been applied to the
recognition of double-stranded nucleic acid targets by
only two diﬀerent groups (30,31). These studies did not
result in the discovery of new binding motifs, but
identiﬁed pyrimidine-rich RNA oligonucleotides that
were able to bind their target upon formation of canonical
base-triplets within the parallel motif. Two additional
studies used a combinatorial approach in order to inves-
tigate the speciﬁcity of triple-helix formation. In the ﬁrst
one (36), van Dyke and coworkers have selected the best
double-stranded DNA substrate for a GT-rich TFO. In
the second one (37), both the third strand and the target
were randomized, which led to the selection of triple
helices containing mostly C.GxG base triplets. None of
these studies were able to identify TFOs that could bind
a given target double-stranded DNA with an antiparallel
conﬁguration. The absence of further combinatorial inves-
tigations for the recognition of double-stranded DNA is
likely due to the experimental challenge of forming stable
triple helical structures at neutral pH, except for sequences
that are rich in GC base pairs.
In the present study, we have implemented an in vitro
selection scheme for the identiﬁcation of oligonucleotides
that bind duplex DNA in the presence of a triplex
intercalator. We chose as triplex intercalator the BIQ
compound, which has been shown to increase the
melting temperature of a pyrimidine triple-helix by up to
40 C (16), and had also been shown to stabilize triple
helices with purine containing third strands in our labora-
tory. Selection rounds were performed at neutral pH using
as a target sequence a DNA fragment containing a 20bp
oligopurine–oligopyrimidine stretch, with 65% AT and
35% GC. The selection process was very convenient as
each selection round could be performed in less than a
day, and introduction of a ﬂuorescent moiety at the end
of a primer enabled the quantiﬁcation of recovered DNA
at each step in a convenient way. After only seven rounds
of selection, a strong aﬃnity of the oligonucleotide pool
for the target sequence was evident from the amount of
oligonucleotide recovered after elution. Sequencing of the
oligonucleotides revealed that most selected sequences
were able to form antiparallel triple helices with the
DNA target sequence through recognition of the
oligopurine–oligopyrimidine stretch. Importantly, GC
base pairs were always recognized by guanines, whereas
recognition of AT base pairs seemed to depend on the
sequence context. For four positions, thymines were
found exclusively, while others seemed to accommodate
both adenine and thymine. Depending on the sequence
context, adenine or thymine were found more or less
frequently. No clear rule can be established from the
observation of this single target sequence. Nevertheless,
some trends can be mentioned. Positions located on the
50 side of a G in the third strand were more likely to
accommodate an adenine than those located on the
30 side. AT base pairs that were surrounded by only AT
base pairs were more likely to be recognized by thymines.
Only one AT base pair (position 15) seemed to prefer an
adenine (85%). Preference for A or T may be related to
the existence of distortions in the third strand at TpG and
GpT steps within antiparallel triple helices with GT third
strands (11), and/or to preferential binding sites for inter-
calation of BIQ. It is also possible that the selection
process favours sequences that do not fold into competing
structures. We were not able to explain the presence of
adenine at speciﬁc positions by such a mechanism. We
measured the dissociation constant for clone 20, which
corresponded to the consensus sequence involving G, T
and a single A in the triplex forming region. The aﬃnity
of this sequence for the target was slightly higher than that
of clone 19, which has the highest number of adenines.
This diﬀerence is probably not very signiﬁcant, and may
be explained by the eﬀects of adjacent sequences.
Experiments performed with 20-mer oligonucleotides did
not show signiﬁcant diﬀerences between the binding
aﬃnities of the various selected sequences. Although two
pyrimidine rich oligonucleotides were present among the
selected sequences, binding of these oligonucleotides could
not be detected. The binding scheme and the reason for
the presence of these sequences remains to be investigated.
Interesting questions are raised by the issue of our selec-
tions. One may wonder why only TFOs were selected.
Given the tremendous variety of structures that are
adopted by aptamers for the recognition of small mole-
cules [see ref. (38) for review], one may expect the possi-
bility for recognition of a DNA–intercalator complex by
a selected oligonucleotide within a new structural frame-
work. Aptamers may indeed potentially establish stacking
interactions with planar aliphatic rings as well as
electrostatic interactions with the side chains. It should
be noted that aptamer can recognize chemical moieties
as small as ethanolamine (39), which resembles the side
chain of our triplex stabilizing agent. Despite the presence
of this large intercalating compound in our selection
scheme, no DNA binding solutions that diﬀered from
triple-helix formation were discovered. Several factors
may have biased selection toward recovery of sequences
that bound via triple-helix formation: the chosen DNA
contained an oligopurine–oligopyrimidine stretch and
therefore was typically suited to form conventional triple
helices with an appropriate DNA, and conventional triple
helix formation may aﬀord the most eﬃcient DNA
binding solution. The size of the pool that we used
(250pmol, i.e.  1.5 10
14 molecules) is suﬃcient to
screen all possible sequences with a length of 22nt (each
sequence is present on average 10 times). All the selected
sequences seemed to provide maximal recognition with the
same length of 20 nucleotides, as there appears to be little
nucleotide sequence conservation outside of the canonical
recognition sequence. This suggests that additional inter-
actions involving two additional nucleotides did not
improve binding suﬃciently to make a diﬀerence. This
does not exclude that better solutions involving more
than 23 nucleotides may exist and have been missed in
our screening. One may also not exclude that some
binding solutions other than the representatives of the
triple helix may have been present in the oligonucleotide
pool solution but were eliminated due to a lower aﬃnity.
Such other solutions would be recovered by using a target
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stretch at all.
One may also wonder why we did recover only TFOs
within the antiparallel motif, contrary to previous studies.
Our target sequence does not contain long stretches of GC
base pairs, and the proportion of GC base pairs (35%),
should in principle be favourable for the binding of
pyrimidine rich TFOs. The issue of our selection may
result from a much better stability of antiparallel TFOs
in the presence of BIQ. It may also be due to the presence
of magnesium, which favours the antiparallel motif. Other
parameters, such as binding kinetics, may also be impor-
tant in such experiments. The formation of pyrimidine
motif triple helices is a slow process, which may have
been disfavoured by our fast binding step. Further work
will be necessary to evaluate how modiﬁcations of the
selection protocol will aﬀect the repertory of selected
sequences. One should also keep in mind that, in
addition to slightly acidic conditions, previous studies
were aimed at selecting RNA oligonucleotides, which are
known to be poorly compatible with the formation of
antiparallel triple-helices (40,41).
Our SELEX process was performed in the presence of
a low molecular weight compound expected to enhance
interactions between the target and the oligonucleotide
pool. This is an original strategy which to our knowledge
has never been used before. The presence of the ligand
resulted in selection of oligonucleotides that bound to
the target only in the presence of the small molecule,
although no counterselection was introduced to remove
sequences that would bind in the absence of the
compound. This is likely due to the very high stability of
the complexes formed by the target, the ligand and the
selected oligonucleotide. A great eﬀort has been devoted
to the expansion of the catalytic repertoire of nucleic acids
by addition of protein like functionalities to the nucleic
acids to be selected [see ref. (42) and references therein].
The number of modiﬁcations that can be incorporated
into aptamers is still limited. The use of another functional
group, in this case an intercalator, in order to provide
these additional functionalities represents an interesting
solution to this problem.
Although great progress have been made toward the
design of new chemically modiﬁed oligonucleotides that
permit recognition of a wider variety of sequences by
TFOs (43,44), there is still no general solution that is
easy to apply to any sequence of interest. Our SELEX
approach provides an interesting solution for the design
of TFOs for applications that can accommodate the
presence of an intercalator. The same selection scheme
could by applied to other target DNA sequences, with
interesting potential applications. First, the repertoire
of target sequences for triple-helix formation may be
extended in the presence of DNA binding agents. It has
already been demonstrated that addition of a triplex-
stabilizing agent could enhance the formation of
triple helices at sites containing inversions within the
oligopurine–oligopyrimidine sequence (19,45) or at
(GT)n tracts (46). Triplex-speciﬁc intercalators have also
been shown to promote the formation of triple helices
which switch from one strand to the other strand of
DNA (10). In such cases, molecular modelling has sug-
gested a code for designing the best switch oligonucleotide
(47). Although this code has received some experi-
mental validation (10,48), our strategy would provide
the best oligonucleotide solution for this switch problem.
It would also be interesting to perform selections with
other DNA binding agents. Large molecules, such as
echinomycin, may be more likely to be recognized by
folded oligonucleotides. Work is in progress in order to
explore all those possibilities.
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